Abstruct-High-energy ion implantation is used for forming the collector in vertical bipolar transistors in a BiCMOS process. Secondary defects, remaining after annealing the implant damage, give rise to an increased leakage current and to collector-emitter shorts. These shorts reduce the transistor yield. The use of multiple step implants or the introduction of a C gettering layer are demonstrated to avoid dislocation formation. Experimental results show that these schemes subsequently lower the leakage current and dramatically increase device yield. The presence of C can cause increased collector/substrate leakage, indicating that the C profile needs to be optimized with respect to the doping profiles.
I. INTRODUCTION IGH-energy ion implantation is a convenient processing
H step that offers a high degree of reproducibility. Moreover it enables formation of retrograde n-or p-wells after the high temperature field oxidation step [ 11, [2] . After the LOCOS step is done, the tub can be implanted in a self-aligned way, which makes the need for area-consuming stopper implants superfluous. Due to a reduced lateral diffusion of the dopants, high-energy ion implantation results in an increased packing density compared with processes using conventional buried layers [3] .
Numerous technologies and devices have been realized using high-energy ion implantation. In CMOS processes, the high-energy implanted retrograde well offers a reduced susceptibility to latch-up [4]. In bipolar technology, it can be used to fabricate a pedestal collector to improve the frequency behavior [5] or to simplify processing [3] , [6] . Other applications of high-energy ion implantation include the realization of vertically integrated DRAM cells [7] or very fast EEPROM cells using a buried injector [8] .
One of the critical problems with high-energy implants is the formation of dislocations during annealing [6], [9] , [lo] . These dislocations form only if a critical amount of implant damage Manuscript received July 8, 1992 has been exceeded [ 111. This issue applies particularly to the fabrication of collector regions, because the implanted dose must be sufficiently high to obtain a low collector resistance, which gives rise to high damage levels. If the dislocations intersect a junction, an increased leakage current can result. Furthermore, when both the collectorbase and the emitterbase junctions are connected via a dislocation, collector-emitter (ce ) shorts may arise by enhanced diffusion of (emitter) dopants along the dislocations [ Fig. l(a) ]. This results in a parasitic resistance behavior in the transistor characteristics, as is shown in the Gummel plot of Fig. l methods are applied to prevent dislocation formation for the higher P dose. The principle of the two methods is explained in the following. In the first method, an implant is performed in multiple steps. Fig. 2 shows that annealing a 1.1 x 1014/cm2 1 MeV P implant gives rise to dislocation formation with a density of -5 x 108/cm2. However, if this implant is performed in four steps of 2.8 x 1013/cm2, where each step generates a sub-critical amount of damage and is followed by a 900°C, 15 min anneal, no dislocations are observed [ll] , [131, [141. In the second method, C is implanted in the damage region.
To demonstrate this method, Fig. 3 shows that annealing a 1 x 1014/cm2 725 keV B single implant results in the formation of dislocations, while these dislocations are avoided if a 5 x 1014/cm2 800 keV C is also implanted. It is thought that C acts as a sink for Si interstitials, thereby avoiding these interstitials to agglomerate and form dislocations [ 151-[ 171. This principle has also been shown for the combined 1.5 MeV P and 1.15 MeV C implants used in this work [15] . This paper describes how these two methods are used to avoid dislocation formation for the 4 x 1013P/cm2 1.5 MeV collector implant in a BiCMOS process. For the multiple step sequence, 2 x (2 x 1013P/cm2) is implanted, and for the introduction of a C layer, -1.15 MeV C is implanted to doses Collector Plug Metallization * see also Table I . 
SAMPLE PREPARATION
For the full BiCMOS device fabrication, three wafers (3411, 20 mflcm, p-type) with a 4 pm thick epitaxial layer (10 ncm, p-type) were used. Fig. 4 summarizes process conditions. After growing the field oxide, the tubs for the CMOS devices were implanted. The collector and base of the bipolar devices were formed after fabrication of the CMOS gates. The base was implanted with 1 x 1013/cm2 40 keV B. The collector implant, 4 x 1013/cm2 1.5 MeV P, was done aligned to the 0.6 pm LOCOS oxide, while the LOCOS was covered with a resist layer. The collector of wafer 1 was implanted in two steps of 2 x 1013P/cm2, with each step followed by a 900°C anneal for 15 min in N2-ambient. For wafers 2 and 3, after a single 4 x 1013P/cm2 implant, parts of the wafers were co-implanted with 1.15 MeV C to doses of 2 and 5 x 1014/cm2, respectively. These wafers were subsequently annealed at 900°C for 15 min in N2-ambient. Table I specifies the collector implant procedures for the three wafers. After annealing, the emitter window was opened in the 25 nm thick screening oxide and a polysilicon emitter was made.
The transistor doping profile co-implanted with 2 x 1014C/cm2, as simulated with SUPREM 111, is presented in Fig. 5 . The measured projected range of the C implant is + Carbon
be most effective for suppression of dislocation formation for the 1.5 MeV P implant [15] . 
ELECTRICAL MEASUREMENTS
Bipolar device measurements were performed on transistors of wafers 2 and 3 which were made by the standard process (no C implanted). Some of the Gummel plots for these "standard"
transistors showed excessive collector current densities at low base-emitter voltages (Fig. 6 ). This is attributed to the presence of e-e shorts. The yield of these standard transistors as a function of emitter area is presented in Fig. 7 . For cells with an emitter area of lo4 pm2, 65% of the emitters are shorted, decreasing to 20% for an area of 1200 pm2. The larger the area, the higher the probability that at least one dislocation crosses both the base/emitter and collectorbase junction. In a first order approximation, the yield is an exponential function of the emitter area, with a "fatal" defect density per unit area of 1 . 2 5~ 104/cm2 [18] . This density of defects is in agreement with results found earlier for MeV implanted collector regions, where the dislocation density near the surface was investigated with a Secco-type defect etch [6], [9] . Hence, the c-e shorts are likely caused by dislocations running from the collector to the surface region. However, the "fatal" defect density of 1.25 x 104/cm2 is more than four orders of magnitude smaller than dislocation densities observed for medium dose MeV P implants (see, e.g., Fig. 2 ). Hence, only one out of lo4 dislocations is fatal, in agreement with results obtained for keV-implanted bipolar transistors [ 191. Electrical measurements were also performed on transistors with two-step implanted collectors and on transistors with C co-implanted collectors. The yield of these transistors as a function of emitter area is presented in Fig. 7 . For the multistep implants, only 3% of the transistors with large emitter areas showed the presence of shorts. The smallest emitters (1200pm2) exhibited no shorts at all. Thus an enormous improvement in yield is obtained compared to the results for the standard bipolar transistors. For the collectors coimplanted with C, the results were even better. There, none of the transistors showed the excess collector current behavior, independent of emitter area or C-dose (Fig. 7) . A typical example of a Gummel plot, where shorts were avoided by either the two-step implant or the C co-implant, is presented in Fig. 8 . The transistor exhibited good characteristics over more than eight decades with a common emitter current gain
In addition to fatal shorts, dislocations can also affect junction characteristics such as leakage currents. An ideal defect-free diode has reverse I-V characteristics which can be fitted with a power law I o ; V" with n M 0.5 [18] - [20] . For where n % 0.5 for an ideal junction and 2 < 7) < 4 for a junction containing dislocations.
the I-V characteristics of the standard separate collector/base diodes (no emitter formed), n was -1.9 for lower and -4.2 for higher voltages (Fig. 9 ). This is normally observed for junctions containing dislocations [ 191-[21] . (The dislocations in the depletion region establish efficient breakdown regions, which give rise to the higher voltage dependence [19] .) In contrast, for both the two-step and C co-implanted diodes, the leakage current densities are one order of magnitude lower at 5 V reverse bias. However, n is only -0.7 even for lower voltages, indicating an improved, but still not ideal leakage behavior. There are several possible explanations for this nonideal behavior, including Zener breakdown [ 191. In addition, the two-step implanted diodes have undergone an additional mask/implant/anneal sequence, which could adversely affect device performance.
Although the reverse I-V characteristics of the collectorbase junction in the C co-implanted transistors are acceptable, it is known that C-related defects can lead to increased leakage currents [22] . Because the C-profile overlaps the P implant, there will be C-related defects in the collector region, primarily near the collector/substrate junction, see The C-related defects may also introduce states in the bandgap which enhance carrier generation/recombination. The position of these states can be determined by temperature dependent leakage current measurements [22] , shown in Fig.   10 for C implanted diodes. The leakage in the C-implanted collectorbase junctions increases with temperature and can be fitted with an activation energy between 0.55 and 0.60 eV for both C doses. This activation energy indicates that deep traps in the depletion region are generated by the implants. Such deep traps have been observed for MeV C implanted silicon [22] , although activation energies of -0.6 eV also have been found for junctions containing dislocations [ 191. The lowest leakage is observed for the highest C dose, which is attributed to the stronger gettering of point defects and impurities from the depletion region. The leakage current density at 25OC is only -10nA/cm2, which is a good result. Fig. 11 shows the temperature dependent leakage current density of the collector/substrate junction for C implanted diodes. The current density here is on the order of 100 mA/cm2, seven orders of magnitude higher than for the collectorbase junction. This is attributed to the high concentration of C-related defects positioned near the collector/substrate junction. A small decrease in leakage current density for increasing measuring temperature is observed, see also Wang er al. [23] .
Iv. DISCUSSION AND CONCLUSIONS High-energy ion implantation was used for creating the collector in vertical bipolar transistors, but dislocations formed during annealing and severely influenced device performance. Leakage is decreasing for increasing temperature.
The collector/base junction showed an increase in leakage current when the junction was intersected by dislocations. If the base/emitter and collectorbase junctions were intersected, c-e shorts arose probably as a result of enhanced diffusion of the emitter dopant along a dislocation. These shorts reduced the yield of transistors with a 104pm2 emitter area to less than 35%. For thinner base widths than used in this work, the number of dislocations in standard devices which would run from the emitter to the collector should increase, causing an even lower yield. Therefore, dislocation engineering by multistep or C co-implants would be even more important.
Two methods were applied in this paper to suppress dislocation formation for the collector implant. In the first scheme, the collector was formed in two implant and anneal steps, and in the second scheme, extra carbon to doses of 2 and 5 x 1014/cm2 was implanted in the collector region prior to annealing. For both methods, dislocation formation was avoided and the leakage current in the collectorbase junction decreased. Also, for the transistors with two-step implanted collectors, only one out of 30 transistors showed an excessive collector current at low base-emitter voltage. For the C coimplanted collectors, none of the transistors were shorted.
However, for the C implanted junctions, C -related defects introduced deep traps in the bandgap which gave rise to an increase in leakage current especially at the collector/substrate junction, because the concentration of defects is highest near this junction.
The optimum collector dose is -4 x 1013P/cm2 [3]. For the multistep method, only two-steps are needed in total for implanting this dose. This means that only one additional series of masking/implant/anneal steps has to be performed. The extra masking step is necessary since the LOCOS oxide is not thick enough to stop the P ions. If doses much higher than 4 x 1013P/cm2 are required, the multi step procedure would involve too many extra implant and anneal steps.
Dislocation formation for P doses as high as 1 x 1015/crn2 can be avoided by co-implanting C [ 151. In this case, only one extra implant step has to be carried out. The C layer is known to efficiently getter point defects and metallic impurities from the near surface region, thereby improving the quality of the active regions of the device [ 171, [22] - [25] . However, the Crelated defects should not influence the leakage of either of the junctions too much. This may be reached by lowering the C dose to the minimum value needed for suppressing dislocation formation for the P implant. Also, the C can be implanted at a somewhat lower energy such that it is positioned in between the collectorbase and the collector/substrate junctions, or at a much higher energy so that it is below the collector/substrate junction. However, it should be investigated if dislocation formation is then still avoided.
